Dense-core vesicles (DCVs) are secretory organelles that store and release modulatory neurotransmitters from neurons and endocrine cells. Recently, the conserved coiled-coil protein CCCP-1 was identified as a component of the DCV biogenesis pathway in the nematode Caenorhabditis elegans. CCCP-1 binds the small GTPase RAB-2 and colocalizes with it at the transGolgi. Here, we report a structure-function analysis of CCCP-1 to identify domains of the protein important for its localization, binding to RAB-2, and function in DCV biogenesis. We find that the CCCP-1 C-terminal domain (CC3) has multiple activities. CC3 is necessary and sufficient for CCCP-1 localization and for binding to RAB-2, and is required for the function of CCCP-1 in DCV biogenesis. In addition, CCCP-1 binds membranes directly through its CC3 domain, indicating that CC3 may comprise a previously uncharacterized lipid-binding motif. We conclude that CCCP-1 is a coiled-coil protein that binds an activated Rab and localizes to the Golgi via its C-terminus, properties similar to members of the golgin family of proteins. CCCP-1 also shares biophysical features with golgins; it has an elongated shape and forms oligomers.
functions remain unclear. Here, we conduct a structure-function analysis to determine which domains of CCCP-1 are important for its localization, binding to RAB-2, and function in DCV biogenesis. Our analysis shows that CCCP-1 has structural and functional features in common with the golgins, a family of tethers that also bind activated Rabs and regulate vesicular trafficking at the Golgi. [28] [29] [30] [31] [32] These findings suggest that CCCP-1 may act as a membrane tether.
2 | RESULTS
| CCCP-1 is localized near immature DCVs and the trans-Golgi via its C-terminal domain CC3
To assess the localization of full-length CCCP-1 in C. elegans neurons, we generated transgenic worms expressing GFP-tagged CCCP-1.
CCCP-1::GFP expressed under its own promoter as a single-copy integrated transgene was not detectable, and even when expressed as multiple copies in an extrachromosomal array, CCCP-1::GFP levels were too low to be detected in most transgenic lines. However, these singlecopy and overexpressed CCCP-1::GFP constructs are functional as they rescue the locomotion defects of a cccp-1 mutant (see below).
Because CCCP-1 is expressed predominantly in C. elegans neurons, 24 we expressed CCCP-1::GFP under the stronger pan-neuronal rab-3
promoter. CCCP-1 localized mainly to perinuclear puncta in the cell body of ventral cord motor neurons ( Figure 1A , top) but also localized to puncta in axons in the dorsal nerve cord ( Figure 1A , bottom), suggesting that some CCCP-1 is transported out of the cell body.
To determine which domain of CCCP-1 mediates its localization, we generated transgenic worm lines carrying different GFP-tagged CCCP-1 fragments ( Figure 1B ) expressed under the pan-neuronal rab-3 promoter. Like full-length CCCP-1::GFP, a fragment containing the 193 C-terminal amino acids (CC3::GFP) localized to large perinuclear puncta ( Figure 1C ) and had puncta in the dorsal nerve cord as well (data not shown). In contrast, CC1+2::GFP was localized diffusely in the cytoplasm ( Figure 1C ) as well as in the dorsal nerve cord (data not shown). These results are consistent with data showing that the N-terminal half of human CCCP1/CCDC186 localized to the cytosol and a C-terminal fragment larger than CC3 localized to perinuclear structures in COS cells. 27 To test whether CC3 is sufficient for proper localization of CCCP-1, we performed colocalization experiments. We previously reported that CCCP-1 colocalized with the small GTPase RAB-2 near the trans-Golgi in C. elegans neurons. 24 Similar to full-length CCCP-1::
GFP, CC3::GFP colocalized with RFP::RAB-2 in C. elegans neurons ( Figure 1D ). Thus, the C-terminal domain CC3 is both necessary and sufficient for CCCP-1 localization.
To determine the localization of the mammalian ortholog of CCCP-1, CCCP1/CCDC186, we imaged endogenous or GFP-tagged CCCP1/CCDC186 in rat insulinoma 832/13 cells. 33 These cells have insulin secretory granules similar to neuronal DCVs and express CCCP1/CCDC186. 25 Moreover, they are larger cells than C. elegans neurons and have a more easily visualized separation of different organelles.
In 832/13 cells, we found that endogenous CCCP1 localizes to perinuclear structures that overlapped with chromogranin A (CgA), a DCV cargo expected to localize to the trans-Golgi, immature DCVs and mature DCVs (Figure 2A ,B). CCCP1 localization was restricted to a perinuclear area adjacent to the cis-Golgi marker GM130
( Figure 2A ). However, the CCCP1 signal overlaps more with CgA than with GM130 ( Figure 2B ). CCCP1::GFP had a localization pattern similar to endogenous CCCP1. Like endogenous CCCP1, CCCP1::GFP overlapped with CgA and was adjacent to GM130 ( Figure 2C ,D).
CCCP1::GFP also partially colocalized with the trans-Golgi marker TGN38. Thus, as in C. elegans neurons and COS cells, 24, 27 CCCP1 localizes near the trans-Golgi in 832/13 cells (Figure 2A-D) . Because no CCCP1 signal could be observed near the cell periphery and because CCCP1 localizes more closely with the DCV marker CgA than with TGN38 ( Figure 2D ), our results suggest that CCCP1 localizes near immature DCVs.
We tested the localization of CC3::GFP in 832/13 cells and found it similar to endogenous CCCP1 and CCCP1::GFP ( Figure 2E , F). Finally, we found that, CC1+2::GFP localizes to the cytoplasm, as it does in C. elegans neurons ( Figure 2G ). Thus, CC3 is both necessary and sufficient for CCCP1/CCDC186 localization near immature DCVs and the trans-Golgi.
| CCCP-1 binds to RAB-2 via its C-terminal CC3 domain
Multiple lines of evidence suggest that CCCP-1 is an effector of the small GTPase RAB-2. CCCP-1 and RAB-2 act in the same genetic pathway in C. elegans and they colocalize in worm neurons and in COS cells. 24, 27 In addition, yeast 2-hybrid experiments suggested that FIGURE 2 CC3 is necessary and sufficient for localization of rat CCCP1/CCDC186 near the trans-Golgi. A, Endogenous rat CCCP1 localizes to a perinuclear structure near a marker for DCV cargo, Chromogranin A (CgA). Representative images of 832/13 cells co-stained for endogenous CCCP1 and for the cis-Golgi marker GM130 (upper panel) and for the DCV marker CgA (lower panel). Scale bar: 5 μm. B, Quantification of endogenous CCCP1 colocalization with GM130 and CgA. ***P < .001, n = 10 each. C, CCCP1::GFP localizes to a perinuclear structure near the trans-Golgi marker TGN38 and the DCV marker CgA. Representative images of 832/13 cells co-stained for CCCP1::GFP and for the cis-Golgi marker GM130 (upper panel), the trans-Golgi marker TGN38 (middle panel) and for the DCV marker CgA (lower panel). Scale bar: 5 μm D, Quantification of CCCP1::GFP co-localization with GM130, TGN38 and CgA. ***P < .001, **P < .01, n = 10 each. E, CC3::GFP localizes to a perinuclear structure near the trans-Golgi marker TGN38 and the DCV marker CgA. Representative images of 832/13 cells co-stained for CC3:: GFP and for the cis-Golgi marker GM130 (upper panel), the trans-Golgi marker TGN38 (middle panel) and for the DCV marker CgA (lower panel). Scale bar: 5 μm F, Quantification of CC3::GFP co-localization with GM130, TGN38 and CgA. ***P < .001, *P < .05, n = 11 each. G, CC1 +2::GFP localizes to the cytoplasm. Representative images of 832/13 cells co-stained for CC1+2::GFP and for the trans-Golgi marker TGN38. Scale bar: 5 μm CCCP-1 and RAB-2, from either worm or human, interact in a GTPdependent manner. 24, 27 The interaction of human CCCP1/CCDC186
with RAB2A was mapped to a C-terminal fragment of CCCP1/ CCDC186. 27 To assess the RAB-2 interaction with CCCP-1 using purified C. elegans proteins, we performed GST pull-downs and found that CCCP-1 binds to RAB-2 loaded with the non-hydrolysable GTP Figure 3 , lane 1), but not to RAB-2 loaded with GDP ( Figure 3, lane 2) . The interaction of CCCP-1 with RAB-2 was detected using an antibody to the His 6 epitope tag and could not be detected on Coomassie-stained gels, suggesting that the interaction is probably of moderate affinity.
We also performed GST pull-down experiments using the CCCP-1 fragments. CC2+3 and CC3 bound to RAB-2 in a GTP-dependent manner but CC1+2 did not bind (Figure 3 ), demonstrating that CC3 is necessary and sufficient for RAB-2 binding.
In C. elegans, CCCP-1 localizes to perinuclear puncta in the absence of RAB-2. 24 This indicates that RAB-2 is not the sole determinant of CCCP-1 localization. We found that the localization of CC3
is also unaltered in the absence of RAB-2 ( Figure 1E ). Thus, the CC3 domain has at least 2 independent activities: RAB-2 binding and subcellular targeting.
| CC3 is necessary for CCCP-1 function
To test whether CC3 is sufficient for the in vivo neuronal function of CCCP-1, we assayed CCCP-1 function in C. elegans. cccp-1 mutant worms have a slow locomotion phenotype. 24 Because overexpression of CCCP-1 also causes slow locomotion, we instead made single-copy integrants of transgenes expressing the different CCCP-1 fragments under the endogenous cccp-1 promoter and tested for rescue of the cccp-1 mutant slow locomotion phenotype. Expression of full-length CCCP-1 rescued the locomotion defect of cccp-1 mutants ( Figure 4A ), but neither CC1+2 nor CC3 rescued ( Figure 4B ). Thus, CC3 is necessary but not sufficient for CCCP-1 function.
| CCCP-1 binds membranes directly
The colocalization of CCCP-1 puncta with RAB-2 and trans-Golgi markers suggests that CCCP-1 may be localized to a membrane compartment, but CCCP-1 does not have a predicted transmembrane domain.
To test whether CCCP-1 is a cytosolic protein associated with membranes, we used the rat insulinoma 832/13 cell line. 33 We transfected cells with a GFP-tagged rat CCCP1/CCDC186 construct and performed membrane fractionation assays ( Figure 5A ). Most of the CCCP1/ CCDC186 protein associated with membranes ( Figure 5A , P90 membrane pellet vs S90 soluble fraction). In the presence of either 1 M NaCl or 1% Triton X-100, CCCP1/CCDC186 was soluble. CCCP1/CCDC186 therefore behaves as a peripheral membrane protein.
Membrane association of CCCP-1 could occur via binding an additional protein or through its direct interaction with the phospholipid bilayer. We assayed whether the purified CCCP-1 protein binds lipids directly in blot overlay and liposome flotation experiments. We generated liposomes containing cholesterol and lipids with neutral and charged head groups that mimic the lipid composition of the Golgi. 34 The liposomes were doped with a fluorescent lipid, rhodamine-phosphatidylethanolamine (Rh-PE). We incubated FIGURE 3 The CC3 domain of CCCP-1 binds directly to RAB-2.
(Left) GST-pulldowns were performed using purified recombinant His 6 -CCCP-1 or its fragments and GST-RAB-2 loaded with either Because CC3 is necessary and sufficient for CCCP-1 localization in vivo, we tested whether CCCP-1 binds membranes through CC3.
In flotation assays, fragments containing CC3 (ie, CC3 or CC2+3) floated with the liposomes ( Figure 5D , lanes 5 and 6). Other CCCP-1 fragments remained mostly at the bottom; however, a small amount of CC1+2 migrated to the top of the tube ( Figure 5D , lanes 5 and 6).
Because less CC3 bound to liposomes than full-length CCCP-1, the binding affinity of CC3 to membranes may be weaker. However, the CC3 protein was less stable than the full-length CCCP-1 so the decreased liposome binding of CC3 may also be due to its decreased stability. We conclude that CCCP-1 has the capacity to bind membrane bilayers via its CC3 domain. Together, these results demonstrate that CC3 contains a RAB-2 binding site and suggest the existence of a novel membrane-association domain or motif.
| CCCP-1 forms oligomers and has an elongated structure
CCCP-1 is predicted to be a coiled-coil protein with a domain structure reminiscent of the golgins, elongated proteins that act as Golgilocalized tethering factors. [28] [29] [30] [31] [32] To test whether CCCP-1 has biophysical properties similar to golgins, we studied bacterially expressed C. elegans His 6 -tagged CCCP-1 ( Figure 6A ). Although CCCP-1 has a predicted monomeric molecular mass of 89 kDa, it eluted from a Superose 6 size-exclusion column in 2 peaks, both with an apparent mass larger than a 670 kDa globular protein standard ( Figure 6B ).
This result suggests that CCCP-1 may have an elongated nonglobular shape, form oligomers, or be aggregated. Golgins are elongated and generally form oligomers. 28, 29, 35 To study the biophysical properties of the protein further, we subjected His 6 -CCCP-1 to velocity sedimentation through a 5%-25% linear sucrose gradient. We further examined CCCP-1 structure by negative-stain electron microscopy (EM). CCCP-1 formed elongated filaments of varying shapes and sizes ( Figure 6G ), explaining why the protein runs large on SEC and sediments slowly. This result further suggests that CCCP-1 may exist as polymorphic oligomers with multiple flexible forms. Similar biophysical features have been observed for other golgins. [35] [36] [37] To determine which domain of the protein is responsible for its large apparent molecular mass, we analyzed purified CCCP-1 fragments by SEC. Fragments containing the CC2 middle domain (CC2, CC1+2
and CC2+3) ran at a very large apparent molecular weight ( Figure S2 ).
Furthermore, we observed that CC1 and CC3 ran closer to but still larger than their predicted globular monomeric masses ( Figure S2 ).
Together, these results indicate that CCCP-1 probably forms extended oligomers and that the CC2 middle domain mediates the formation of higher-order oligomeric states, the formation of elongated structures, or both.
| CC3 is highly conserved among metazoans and beyond
In 45 Perhaps CCCP-1 also functions as a molecular tether to help facilitate membrane fusion events that occur during early steps in DCV biogenesis. Given that CCCP-1 is anchored at its C-terminus, interactions with other membrane compartments might be mediated by its N-terminal domains that may be extended away from the trans-Golgi.
| What is the function of CCCP-1 in DCV biogenesis?
Why might a long coiled-coil tether be important in DCV biogenesis?
There are several steps in DCV maturation that involve membrane fusion reactions that may require tethering molecules. 
| MATERIALS AND METHODS

| Strains
Worm strains were cultured and maintained using standard methods. 54 A complete list of strains and mutations used is provided in the Strain List (Table S1 ).
| Molecular biology and transgenes
A complete list of constructs used in this study is provided in the Plasmid List (Table S2 ). Using the multisite Gateway system, we cloned the full-length cccp-1b cDNA tagged at the C-terminal with eGFP under the expression of the rab-3 and cccp-1 promoters into the pCFJ150 destination vector used for Mos1-mediated single copy insertion (MosSCI). 55, 56 For the different CCCP-1 truncations, vector backbones and cccp-1 cDNA fragments containing 20 to 30 bp overlapping ends were polymerase chain reaction (PCR) amplified and combined by Gibson cloning. 57 All single copy integrations were made by the direct injection MosSCI method at the ttTi5605 insertion site. 55, 56 Extrachromosomal arrays were made by standard transformation methods. 58 For most constructs, we isolated 2 or more independent lines that behaved similarly. We generated only 1 line for the constructs overexpressing CC3::GFP under the rab-3 promoter, For cloning the rat CCCP1 cDNA, rat cDNA was generated from PC12 cells using QuantiTect Reverse transcription kit (Qiagen) and an anchored Oligo(dT) primer. The CCCP1 cDNA was PCR amplified using gene-specific primers and sequenced. The sequence had a few variations compared to the reported sequence and was submitted to Genbank (accession # KX954625). Rat CCCP1 and its fragments CC1 +2 (amino acids 1-743) and CC3 (amino acids 750-922) were cloned into the pEGFP-N1 vector at the EcoRI and BamH1 restriction sites using either classical restriction digest and ligation for the full-length protein or Gibson cloning with PCR-amplified vector and inserts for the fragments.
| C. elegans fluorescence imaging
Worms were mounted on 2% agarose pads and anesthetized with 100 mM sodium azide. To image the dorsal nerve cords, young adult animals were oriented with dorsal side up by exposure to the anesthetic for ten minutes before placing the cover slip. 
| Cell culture and immunostaining of 832/13 cells
The insulinoma INS-1-derived 832/13 rat cell line was obtained from Pearson's correlation coefficients were determined using FIJI and the JaCOP plugin by drawing a rectangle around the perinuclear structure for each cell.
| Locomotion assays
To measure worm locomotion, first-day adults were picked to thin lawns of OP50 bacteria (2-3 day-old plates) and body bends were counted for 1 minute immediately after picking. A body bend was defined as the movement of the worm from maximum to minimum amplitude of the sine wave. Worms mutant for cccp-1, like other mutants affecting DCV function, have a stereotypical "unmotivated" phenotype in which worms are slow when placed on food. 24 In our assay conditions in which the worm was stimulated by transfer to a new plate, expression of full-length CCCP-1 completely rescued the locomotion defect of cccp-1 mutants ( Figure 4A ). However, we observed that the transgene only partially rescued the locomotion defect of a cccp-1 mutant when worms were not stimulated. This incomplete rescue could be due to the GFP tag, differences in expression levels, or the use of cDNA in the transgenes. This result further suggests that worm locomotion is sensitive to CCCP-1 expression levels. The locomotion assays were repeated twice or more. For the His 6 -CCCP-1 used for SEC, CD and EM, the protein eluted from the Nickel-NTA beads was concentrated using an Amicon-Ultra centrifugal filter, and buffer exchanged to 50 mM Tris pH 7.6, 200 mM NaCl, 5 mM 2-mercaptoethanol using a PD-10 column (GE Healthcare). Protein aliquots were flash-frozen in liquid nitrogen and stored at −80 C.
The His 6 tag of full-length CCCP-1 was cleaved off using TEV protease, which was expressed and purified as described. 60 An esti- 
| Western blotting
Protein samples were solubilized in SDS loading dye and resolved on 8%, 10% or 12% SDS-PAGE gels. Proteins were then transferred to PVDF or nitrocellulose membranes using a semi-dry transfer appa- 
| GST-RAB-2 pulldowns
To decrease non-specific binding, we used LoBind microcentrifuge tubes (Eppendorf ). 25 μL of glutathione sepharose resin (GE Healthcare) was blocked for 1 hour at room temperature or overnight at 4 C with 5% bovine serum albumin (BSA) in reaction buffer 
| Cell fractionation
We used a similar method to the one described. 53 Specifically, 
| Golgi-mix liposome preparation
The following lipids were used: 1-palmitoyl-2-oleoyl-sn-glycero-3- 
| Flotation experiments
Proteins (1 μM) and Golgi-mix liposomes (1 mM) were incubated in 50 mM Tris pH 7.6, 50 mM NaCl buffer at room temperature for Experiments with the His 6 -tagged CCCP-1 fragments were analyzed by Western blot using an antibody to the His 6 epitope tag. Experiments with the full-length CCCP-1 protein were performed 3 times with 2 independent liposome preparations. The key experiments with CC3 and CC1+2 were performed side by side twice with independent liposome preparations and both found CC3 to be a much stronger liposome binder.
| PIP strips and PIP arrays
The PIP strips and PIP arrays were purchased from Echelon and used as recommended by the manufacturer. The membranes were blocked 
| Velocity sedimentation
Linear sucrose gradients of 5%-25% were made in 50 mM Tris 
| Circular dichroism spectroscopy
Samples were analyzed using a Jasco J-1500 CD spectrometer. Protein in 50 mM Tris pH 7.6, 200 mM NaCl and 5 mM 2-mercaptoethanol was used to collect the CD data. Fractions from SEC (pooled fractions 8-9 and 11-12, Figure 6B ) were concentrated around 10-fold using an Amicon Ultra centrifugal unit and flash frozen in liquid nitrogen before use. The signal was blanked with buffer only. For the CD scan, the samples were kept at 4 C and the ellipticity (in mdeg) was measured at wavelengths between 195 and 260 nm. For the melting curve, the ellipticity (mdeg) was measured at 222 nm as the temperature was increased from 4 C to 100 C.
| Negative-stain EM
Frozen aliquots of pooled and concentrated SEC fractions 11 to 12 were diluted to 0.01 mg/mL in 50 mM Tris pH 7.6, 200 mM NaCl and 5 mM 2-mercaptoethanol. Samples were prepared by negative stain, using a 0.7% uranyl formate solution, and spotted onto a 400-mesh copper-coated grid. Electron micrographs were acquired on a Tecnai T12 microscope (FEI co.), operating at 120 kV, at 52 000× magnification, with images taken by a Gatan US4000 CCD camera.
Similar results were observed using protein from an independent protein preparation and imaged using a Morgagni M268 electron microscope.
| Statistics
For the C. elegans locomotion assay, data were tested for normality by a Shapiro-Wilk test. We used the Kruskal-Wallis test followed by Dunn's test to investigate whether there was statistical significance between groups. For the 832/13 cells, data were tested for normality by a Shapiro-Wilk test followed by a 1-way ANOVA test with Bonferroni correction to investigate whether there was statistical significance between groups.
